Abstract Our previous research showed that traumatic brain injury (TBI) induced by controlled cortical impact (CCI) not only causes massive cell death, but also results in extensive dendrite degeneration in those spared neurons in the cortex. Cell death and dendrite degeneration in the cortex may contribute to persistent cognitive, sensory, and motor dysfunction. There is still no approach available to prevent cells from death and dendrites from degeneration following TBI. When we treated the animals with a small molecule, 7,8-dihydroxyflavone (DHF) that mimics the function of brainderived neurotrophic factor (BDNF) through provoking TrkB activation reduced dendrite swellings in the cortex. DHF treatment also prevented dendritic spine loss after TBI. Functional analysis showed that DHF improved rotarod performance on the third day after surgery. These results suggest that although DHF treatment did not significantly reduced neuron death, it prevented dendrites from degenerating and protected dendritic spines against TBI insult. Consequently, DHF can partially improve the behavior outcomes after TBI.
Introduction
Traumatic brain injury (TBI) is a serious public health problem in the USA. According to statistics from the Centers for Disease Control and Prevention (CDC), TBI is a contributing factor to a third (30.5 %) of all injury-related deaths in the USA. Every year, at least 1.7 million TBIs occur either as an isolated injury or along with other injuries [1] . In 2010, the total of direct and indirect medical costs was an estimated $80 billion [2] . TBI is a significant problem because it induces not only direct damage like tissue lesion, but also indirect damage including extensive cell death and degeneration. Besides cell death, degeneration is usually seen in spared neurons after injury, suggesting that neurons may have survived from injury but may have sustained damage that is not visible.
Dendrite degeneration is an aspect of the damage. Dendrites are the branched projections of a neuron that provide a mass membrane surface for forming dendritic spines and act to conduct the electrochemical stimulation received from other neural cells to the cell body. Our recent research revealed that mild TBI causes extensive dendritic degeneration of the cortex [3] and that moderate TBI even causes acute dendrite degeneration and synaptic loss in spared neurons of the hippocampus [4] . Dendrites play a critical role in integrating these synaptic inputs and in determining the extent to which action potentials are produced by the neurons. Therefore, dendrite degeneration may lead to persistent cognitive, sensory, and motor dysfunction [5] .
Brain-derived neurotrophic factor (BDNF) is a member of neurotrophin family, and it plays an important role in neuron survival, differentiation, and synaptical plasticity during cell development [6, 7] . Previous research showed that upregulation of BDNF is associated with therapeutic improvement after TBI [8] [9] [10] [11] [12] [13] [14] . Conditionally knocking out BDNF in the early stage of neurons in the dendate gyrus decreased dendrite development [15] and reduced newborn neuron survival after TBI, whereas infusion of BDNF in the dentate gyrus prevented immature neuron death after TBI [16] . However, application of BDNF in clinical treatment still has problems. Intravenous injection of BDNF is safer, but BDNF cannot penetrate the blood-brain barrier (BBB). Furthermore, direct intracerebral injection of BDNF is too invasive.
A small molecule alternative that can mimic BDNF function with the capacity to cross the BBB is needed. Recent studies demonstrated that 7,8-dihydroxyflavone (DHF) may be the suitable candidate. DHF belongs to the flavonoid family, a diverse group of plant secondary metabolites present in fruits and vegetables. Flavonoids exert diverse biological effects, including acting as antioxidants and cancer-preventing agents [17] . Flavonoids may improve cognitive performance by protecting vulnerable neurons, enhancing existing neuronal function, and stimulating neuronal regeneration [18] . DHF is a small molecule with a molecular weight of 254 Da; thus, it can cross the BBB and binds to TrkB to mimic BDNF functions [19] . It has been shown that DHF is neuroprotective in multiple disease models [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] including Alzheimer's disease [28, 31] and TBI [21] . In this study, we assessed the role of DHF on neuron survival, dendrite degeneration, and the functional outcomes after TBI.
Materials and Methods

Animals
Mice (C57/BL6) were housed in a 12/12 light/dark cycle and had free access to food and water ad libitum according to the principles outlined in BGuidelines for Care and Use of Experimental Animals^. They were used in experiments at an age of 8-10 weeks. All procedures were approved by the Indiana University Institutional Care and Use Committee (IACUC).
Controlled Cortical Impact Traumatic Brain Injury
Male mice (n=96) at 8-10 weeks old were subjected to moderate controlled cortical impact (CCI) injury (n=72) or SHAM treatment (n=24), as we previously described [32] [33] [34] , with the following exceptions: the amount of deformation was set at 1.0 mm and the piston velocity controlled at 3.0 m/s. These modifications resulted in a moderate level of injury using an electromagnetic model [35] (Impact One™ Stereotaxic Impactor for CCI, Leica Microsystem, Illinois USA). Briefly, the mice were anesthetized with Avertin and placed in a stereotaxic frame (Kopf Instruments, Tujunga, CA) prior to TBI. Using sterile procedures, the skin was retracted and a 4-mm craniotomy centered between the lambda and bregma sutures was performed. A point was identified midway between the lambda and bregma sutures and midway between the central suture and the temporalis muscle laterally. The skullcap was carefully removed without disruption of the underlying dura. Prior to the injury, the impacting piston was angled so that the impacting tip (3 mm in diameter) was perpendicular to the exposed cortical surface. Then, the mice received the impact with setup parameters. SHAM (non-injured) animals received the craniotomy, but no CCI injury.
7,8-Dihydroxyflavone Treatment
After surgery, the CCI-injured mice (n=72) were randomized for placement into PBS control, vehicle control, and DHF treatment groups. The mice then received intraperitoneal (i.p.) injections of PBS, DMSO (17 %), or DHF (5 mg/kg in 17 % DMSO) four times at 1, 24, 48, and 72 h after surgery. The sham surgery mice (n=24) also received i.p. injections of PBS four times at 1, 24, 48, and 72 h after sham treatments. Four hours after the final injection, eight mice from each group were sacrificed for assessing cortical tissue lesion (n= 4) with cresyl violet staining or dendrite degeneration (n=4) with Golgi staining. The rest of animals (n=16 in each group) were allowed to survive for another 3 weeks for behavioral analysis with rotarod test and Morris water maze.
Tissue Processing
Animals were deeply anesthetized with an overdose of Avertin and then perfused transcardially with 0.9 % saline, followed by an ice-cold fixative containing 4 % paraformaldehyde in PBS. The brains were removed and postfixed in 4 % paraformaldehyde overnight and then cryoprotected with 30 % sucrose for 48 h. Serial coronal sections (30 μm thick) were cut using a cryostat (Microm HM 500 M) and stored at −20°C. The evaluators of histology were blinded to treatment conditions.
Cresyl Violet Staining
Frozen sections were transferred to the free-floating glass slides and stained using cresyl violet solution for 20 min. Afterward, they were rinsed in double-distilled water quickly. Sections were immersed in differentiation solution (95 % ethanol) for 2 minutes. Then, the sections were dehydrated in 100 % ethanol and cleared in 100 % xylene. Finally, the sections were dried and mounted for imaging.
Cortical Cavity Volume Measurement
By 72 h after TBI, the cortical tissue shows loss in the impacted area after fixation and cryoprotection. However, the absolute volume of the spare tissue was reduced due to the tissue processing. Therefore, we used a described percent cortex to quantify the extent of the contusion [3] . One-in-six series of 30-μm-thick brain sections (180 μm apart) were stained with cresyl violet staining to show the spare cortex. The boundary contours of the contralateral and ipsilateral spare cortex were drawn with a Zeiss microscope attached to a Neurolucida system (MicroBrightfield Inc., Colchester, VT). The enclosed volume with the contours was measured. The percent cortex of the cavity was calculated with the following formula: percentage of the cortical cavity=(contralateral cortex volume− ipsilateral spare cortex volume) / contralateral cortex volume×100 %.
Golgi Staining
We u s e d t h e F D R a p i d G o l g i S t a i n k i t ( F D NeuroTechnologies) to perform Golgi staining following the vendor's protocol. The freshly dissected brains were immersed in impregnation solution (made by mixing equal volumes of solutions A and B) and stored at room temperature for at least 2 weeks in the dark. The brains were then transferred into solution C and kept for at least 48 h at 4°C in the dark. Afterward, they were sliced using a horizon sliding slicer (SM2010R; Leica, Nussloch, Germany) at a thickness of 200 μm and stained using standard staining procedures supplied by FD.
Dendrite Morphology Analysis
Pyramidal neurons were analyzed using the following selection criteria: all Golgi-stained neurons located in layer II/III with apical dendrites extending toward the surface. For each selected neuron, all branches of the dendritic tree were reconstructed at×20 magnification using a motorized microscope ( Z e i s s I m a g e r M 2 ) w i t h N e u r o l u c i d a s o f t w a r e (MicroBrightfield, VT). A 3-D analysis of the reconstructed neurons was performed using NeuroExplorer software (MicroBrightfield). More than ten neurons were studied for each of the four animals in different experimental groups. The branch data of neurons from the same animal were averaged. Several aspects of dendritic morphology were examined. To assess overall changes, total length of dendrite trees, average length of dendrites, and number of dendrite branches were compared across groups using one-way ANOVA test. The complexity of dendrite trees was assessed with the Sholl analysis [36, 37] . The number of intersections of dendrites was calculated with concentric spheres positioned at radial intervals of 20 μm. To quantify the dendritic swellings, we counted the number of beadings on the dendrites. All of the pyramidal neurons that matched the criteria in layer II/III within the 2-mm area from edge of cavity were imaged, and beadings on those dendrites were counted. Dendritic beading was defined as a rounded appearance that extends beyond the diameter of the parent dendrite and is separated by Binterbeadŝ egment [38] .
Spine Quantification
For analysis of dendritic spines, high-magnification images (×63 oil immersion objective) were captured using a camera (Zeiss Axio observer) attached to a Zeiss inverted microscope. The neurons meeting the criteria used for dendrite analysis were selected for imaging. The images containing a Z-stack maximum projection of a dendrite from a single neuron were assembled in Photoshop to reconstruct the cell structure. The spines located at the main apical dendrite were assessed (>2000 spines for each mouse were analyzed). To assess changes in spine morphology, spines in the selected dendrite were classified into mushroom, stubby, and filopodia categories. The proportion of spines in each category was compared using one-way ANOVA.
Behavior Test
Rotarod Test
For motor function analysis, the rotarod test was used. Sixtyfour mice were used for the test, 16 mice for each group. During the test, an animal was allowed to remain stationary for 10 s at 0 rpm. The speed was slowly increased to 3 rpm for 10 s and was steadily increased by 3 rpm in 10-s intervals until the maximum of 30 rpm was reached. There were four trials each day for each mouse with a 20-min interval between trials. The first rotarod test was performed before surgery to obtain a baseline. After surgery, the rotarod test was administered three times, at 3, 7, and 14 days after surgery. Latency on the stage was recorded and analyzed using repeated measures. We then used one-way ANOVA to analyze specific time points between the four groups.
Morris Water Maze
Two weeks after TBI, the Morris water maze (MWM) test was used to assess the function of mouse spatial learning and memory. The test lasted 6 days, including a 5-day trial of learning and a 1-day trial of memory. During the learning days, mice underwent four trials from different start positions. Mice were released in cold water at 18°C. Each mouse had 1 min to find the platform hidden 1 cm underwater. Once a mouse reached the platform, it was allowed to remain 15 s on the platform to build memories. If a mouse did not find the platform within 1 min, then it was placed on the platform and allowed to remain for 15 s. During a 1-min rest between trials, mice stayed in a dry cage with a towel and a warm light. On the sixth day, the platform was removed and each mouse started from a new position. Only one trial was performed on the last day. Latency of the learning trails and duration in the platform quadrant were recorded to analyze the function of learning and memory. The persons who evaluated the behaviors were blinded to injury and treatment conditions.
Statistical Analysis
All data are presented as mean±standard error (SE), with the number of repetitive experiments or mice indicated. Mean values were statistically compared using one-way ANOVA followed by Tukey's post hoc testing.
Results
Post-injury Treatment with 7,8-Dihydroxyflavone Did Not Significantly Decreased Traumatic Brain Injury-Induced Cortical Lesion
To examine the effect of DHF on tissue lesion in the cortex, the animal received intraperitoneal (i.p.) injection of either DHF once (5 mg/kg in 17 % DMSO) or vehicle (17 % DMSO) at 1, 24, 48, and 72 h after surgery. Four hours after surgery, the brains were removed to assess cortical lesion. The area of cortical cavity was assessed after staining of the sections with cresyl violet staining. The normalized percentages of the cortical cavity was 15.9±4.5 % in the TBI-injured mice treated with vehicle (Fig. 1a, c) . The normalized percentage of the cortical cavity in the mice treated with DHF was 14.9± 1.9 % (Fig. 1b, c) . The result showed that there is a slightly reduction of cortical cavity in the DHF-treated mice following TBI, but this difference is not statistically significant (p>0.05).
7,8-Dihydroxyflavone Treatment Protected Dendritic Degeneration After Moderate Traumatic Brain Injury
As shown in previous studies [39, 40] , moderate TBI induces a cavity and cell death in the cortex (Fig. 2 (A, B) ). Although neurons near the cavity can survive after TBI, their survival does not mean that they have not been injured. To assess whether TBI caused injury to those spared neurons around the lesion area in the cortex, we used Golgi staining to assess their dendritic morphology. Three sections at the epicenter of each mouse brain were selected for evaluation. All pyramidal neurons in layer II/III that were stained by Golgi and that matched the criteria were included in the analysis. The dendrites from the neurons in the SHAM-treated mice (n>30) were smooth with a high density of spines ( Fig. 2 (E, F, M) ). However, the dendrites of spared pyramidal neurons in the TBI mice were deformed and showed serious swelling ( Fig. 2 (G, H, N) ). Dendritic beading is a hallmark of postinjury degeneration, indicating the dendrite injury in the spared neurons around the lesion area in the cortex following moderate TBI. When the TBI-injured mice were treated with DHF for 3 days, dendrites were smoother with less swelling than dendrites in the TBI group (Fig. 2 (I, J, O) ). The dendrites in the DMSO-treated (vehicle) group were swelling similar to the dendrites in the TBI group (Fig. 2 (K, L, P) ). These data suggest that DHF treatment protected dendrites of spared neurons in the perilesion area from degeneration.
To quantify the dendritic swellings, we counted the number of beadings on the dendrites. All of the pyramidal neurons in layer II/III within the 2-mm area from edge of cavity were imaged, and beadings on those dendrites were counted. Quantification data showed that the dendritic beadings in the SHAM group were few; only 20±4 beadings were observed per 1-mm length of dendrite. In the TBI injury group, the dendritic beading increased dramatically to 38±3/1 mm, a two-fold increase as compared to SHAM (p<0.05). In the DHF treatment group, the number of dendritic beadings was significantly reduced compared to the injury group (20±2/ 1 mm vs 38±3/1 mm, p< 0.05), while vehicle treatment showed no effect on reducing the dendritic beading (43±4/ 1 mm) ( Fig. 2 (P) ). These results indicated that DHF treatment can prevent dendritic swellings caused by TBI.
Dendritic beading may result in loss of dendrite branches after TBI. To assess if DHF treatment could prevent the loss of dendrite branches after TBI, we reconstructed the dendritic morphology of every pyramidal neuron from layer II/III in the ipsilateral cortex within a 2-mm area from the edge of the cavity, and we measured the dendrite complexity (Fig. 3a) .
In apical dendrites, the number of dendrite branches in the SHAM group was 6±0.4; total length of dendrite branches was 684.4±39.3 μm, and average length of dendrite branches was 111.3±4.1 μm. After TBI, injured mice with PBS treatment exhibited a significantly decreased in number of branches (from 6±0. 4 [SHAM] to 5±0.5[TBI], p<0.01) and total length of dendrite branches decreased (from 684.4± 39.3 μm [SHAM] to 475.7±32.3 μm [TBI], p<0.01). With DHF treatment, both the number of dendrite branches (7±0.6) and the total length of dendrite branches were increased (794.5±58.8 μm) compared to the TBI-injured group without treatment (p<0.01). The vehicle group did not show any protection; it had a similar branch number (4±0.3) and total length (557.9±29.2) compared to the PBS group.
In basal dendrites, the TBI group with PBS treatment also showed a decreased branch number (6±0.4) and total length (373.3±31.2 μm) compared to the SHAM group (branch number 8±0.4; total length 539.7±36.6 μm, p<0.05). While in the DHF treatment group, both branch number (8±0.6) and total length (637.5±52.8 μm) were increased compared to the PBS group; both measures were back to SHAM level. The vehicle group was close to the PBS group in branch number (5±0.3) and total length (387.0±26.2 μm) (Fig. 3b) . We then further performed a Sholl analysis to determine the branching characteristics of individual neurons (Fig. 3c) . Sholl analysis showed that the complexity of both apical and basal dendrites in the TBI group without DHF treatment decreased dramatically. In apical dendrites, Sholl analysis showed that the injury group with PBS treatment had fewer intersections (2±0.2) than the SHAM group (3±0.2) (Fig. 3d) . In contrast, the DHF treatment group had more intersections (3±0.2) than the PBS group and was even better than the SHAM group. The dendrite complexity in the DMSO-treated vehicle group b Branch number, total length, and average length were used to compare between four groups. DHF treatment showed advantages in branch number and total length compared to the other TBI groups (n= 4, **SHAM group vs. TBI group, p<0.01, ##DHF vs. PBS or DMSO, p<0.01). c Sholl analysis was done to determine how dendrite complexity changed after TBI and DHF treatment. d DHF group showed a dramatic increase of dendrite complexity compared to the other TBI group (n=4, *p<0.05, *DHF group vs. PBS or DMSO group, p<0.05, #SHAM vs. TBI, p<0.05) (2±0.2) was similar to the PBS group (Fig. 3e) . In basal dendrites, the PBS group had fewer intersections (4±0.3) than the SHAM group (5±0.3). The DHF treatment group had more intersections (5±0.5) compared to the PBS group, while the vehicle group had a similar intersection (4±0.2) to the PBS group. Results indicated that DHF protected dendrite branches from loss caused by dendritic beading. Altogether, DHF treatment significantly reduced the dendrite deformation after moderate TBI and may be able to prevent degeneration.
7,8-Dihydroxyflavone Treatment Can Prevent Dendritic Spine Degeneration After Moderate Traumatic Brain Injury
Dendrites provide a surface for forming dendritic spines. To investigate whether dendrite protection by DHF can further preserve dendritic spines after moderate TBI, we assessed the dendritic spines within a 2-mm area from the edge of the cavity (Fig. 4a) . High-resolution images (×63) were taken for each single pyramidal neuron from layer II/III, the primary apical dendrite was chosen, and the spines on it were counted. Representive images showed that, after TBI, injury group mice underwent spine loss. But, the loss of spine was selflimiting; the difference between injury group and SHAM group extended up to a 1.5-mm area from the edge of the cavity (Fig. 4b) . So, we separated the 2-mm area into four parts, with each part occupying 0.5-mm distance (Fig. 4a) . In the 0-0.5-mm area, all TBI groups showed decreasing dendritic spines (PBS group 45±2/100 μm; DHF group 45±2/ 100 μm; and DMSO group 45± 4/100 μm) compared to SHAM (55±3/100 μm) (p<0.05). In the 0.5-1-mm area, the PBS group (47±3/100 μm) and the DMSO group (40±3/ 100 μm) retained the same level as in the 0-0.5-mm area, while spines of the DHF treatment group began to increase dramatically (from 45±2/100 to 56±7/100 μm, p<0.05). In the 1-1.5-mm area, all groups did not show obvious change compared with 0.5-1.0-mm area (SHAM 54 ± 0.4/ 100 μm; PBS 44±3/100 μm; DHF 60±5/100 μm and DMSO 45 ± 4/100 μm). In the 1.5-2-mm area, spine density in the PBS group began to increase significantly (from 44±3/100 to 53±3/100 μm) and got close to the density in the SHAM group (59 ± 4/100 μm). The DMSO group (52±4/100 μm) exhibited the same trend as the PBS group, while the spine density in the DHF treatment group maintained a high level (67±6/100 μm) (Fig. 4c) . These results indicated that DHF treatment can prevent dendritic spine loss after TBI.
7,8-Dihydroxyflavone Affected Different Subtypes of Dendritic Spines in Different Ways
There are three different types of dendritic spines [41, 42] . The first type was a mushroom-shaped spine, which has a big head with a small neck and is usually seen in mature synapses (Fig. 4d) . The second one is a stubby spine, usually shorter than 2 μm and is seen in a transitional stage between an early to mature neuron (Fig. 4e) . The third one is a filopodia-shaped spine, which is long and thin and is usually seen at the early stage of spine formation (Fig. 4f) . When the density of these three types of spines was analyzed, we found that after TBI, the mushroom spines presented the same pattern change as whole spines. In all injury groups, the density of spines decreased dramatically in the area closest to the injury site (0-0.5 mm, PBS 14±1/100 μm, DHF 15±1/100 μm, and DMSO 12±1/100 μm vs. SHAM 19±1/100 μm p<0.05). In the PBS group, the decrease of mushroom spines happened through the adjacent 1-mm area (0.5-1.5 mm) and was not observed until far away from the epicenter (>1.5 mm). In the DHF treatment group, the density of mushroom-shaped spines was recovered beginning from the 0.5-1-mm area (19 ±3/100 μm) and significantly increased with distance compared to control TBI group (1-1.5 mm, 21 ± 2/ 100 μm, p < 0.05; 1.5-2.0 mm, 22 ± 3/100 μm). The change of mushroom-shaped spines in the vehicle group was similar to the PBS group. The pattern of stubbyshaped spines was different. Compared to the SHAM group, the density of stubby spines in the PBS and the DMSO group had not significantly changed across the whole study area, while it increased steadily in the DHF-treated group. The filopodia-shaped spines were more like mushroom spines with less density. These results demonstrated that although DHF treatment could not prevent the spine loss in areas very close to the cavity, it could protect spines from degeneration in areas farther from the cavity.
7,8-Dihydroxyflavone Improved Behavior Outcomes
Motor Function (Rotarod Test)
Golgi staining had shown that DHF can prevent dendrite damage and dendritic spine degeneration. We then wanted to know whether behavior outcomes would be improved after DHF treatment. We performed the rotarod test to determine motor function. Mice completed the rotarod test for baseline before surgery, and the latency in all groups was at the same level (SHAM 51.90± 2.74 s; PBS 46.07±2.93 s, DHF 49.14± 2.32 s, and DMSO 45.09±1.89 s). After surgery, the rotarod test was given three times at 3, 7, and 14 days, respectively (Fig. 5a) . Latency on the stage was recorded and analyzed. Data showed that, at the third day after surgery, the latency of the SHAM group was slightly decreased compared to baseline (from 51.90±2.74 to 47.4±2.34 s); this decrease may be due to the surgery. Meanwhile, the latency of the TBI group with PBS treatment showed a dramatic decrease (from 46.07±2.93 to 37.22±2.22 s, p<0.05). DHF treatment significantly attenuated the dropping of latency after TBI at this time point (42.30±2.20 s compared to PBS treatment 37.22±2.22 s, p<0.05), although it was still lower than the SHAM group. DMSO did not exhibit any protection; the latency also decreased dramatically (from 45.09±1.89 to 34.62± 2.98 s, p<0.05). Seven days after TBI, latency in all groups increased because of spontaneous recovery. However, all injury groups still had less latency than the SHAM group, which was already back to baseline level (SHAM 54.67 ± 3.81 s, PBS 46.47 ± 3.10 s, DHF 46.26 ± 2.82 s, and DMSO 41.08± 3.59 s). Fourteen days after injury, there were no significant differences between the groups, and they all returned back to the baseline level and were even better in the DHF treatment group (Fig. 5b) . This result demonstrated that DHF prevented the damage of motor function caused by moderate TBI and thus improved the behavior outcome.
Learning and Memory Function (Morris Water Maze Test)
Learning and memory function were also tested by MWM. Water maze was conducted at 2 weeks after TBI. Each mouse accepted four trials of training for each day from different quadrants. The learning trial was conducted for 5 days to observe learning processes of the mice. On the sixth day, the platform was removed to observe whether mice could remember the location of the platform to test their memory function. Latency of escaping, swimming speed, and latency in the platform quadrant were analyzed after the test. In the learning trial, the SHAM group demonstrated the typical learning curve with a sharp reduction of escaping latency on the second training day (from 44.82±4.79 to 20.01±2.29 s, p<0.05). Then, the escaping latency decreased steadily until the mouse reached the platform on day 4 (day 3, 17.40±4.48 s; day 4, 12.87±1.99 s; and day 5, 13.08±2.10 s). Mice in the injury group with PBS treatment spent more time finding the platform since the first day (54.16±2.32 s) compared to the SHAM group. Although the escaping latency shortened day by day, it was very slow and always significantly longer than the SHAM group (day 2, 35.65±3.35 s; day 3, 30.35±5.48; and day 4, 26.07±5.45 s, p<0.05). On the last training day, the latency of the PBS group mice was still two-fold greater than the SHAM group (24.22±3.73 vs. 13.08±2.10 s, p<0.05).
The escaping latency of the DHF treatment group was at the PBS group level on the first training day, and the latency reduced slowly during the first 3 days (day 1, 53.76±2.11 s; day 2, 42.65±4.83 s; and day 3, 30.44±3.92 s). However, latency dropped faster on the fourth day (18.61±2.75 s) and reached almost the SHAM level on the final day (17.38± 2.47 s) (Fig. 5c) .
The vehicle group showed a similar trend to the DHF treatment group (day 1, 50.92±3.31 s; day 2, 41.72±4.07 s; day 3, Fig. 5 Post-injury treatment of DHF improved behavior outcomes after moderate traumatic brain injury. a Rotarod test was given to mice in four groups. b On the third day after surgery, latency of all groups decreased. TBI group and DMSO group decreased more dramatically than DHF group and SHAM group (n=16,*p<0.05). c Training trials of Morris water maze. SHAM group learned much faster than other groups. The curve indicated that the latency of DHF group dropped consistently over time but did not show a significant difference compared to the TBI group. d-g Swimming patterns of four groups on the last day of learning trial. h Swimming speed of four groups. i Probe trial of four groups 27.93±3.39 s; day 4, 24.48±3.66 s; and day 5, 18.81±2.86 s) (Fig. 5c) . The swimming patterns showed this difference more visually (Fig. 5d-g ). We also analyzed the swimming speed, and results showed no significant differences among the four groups (Fig. 5h) . This result indicated that the motor function did not significantly affect the latency. In the memory trial, the latency of mice in the injury group with PBS treatment (23.84 ±2.32 s) was slightly shorter than in the SHAM group (26.82 ±2.74 s) in the target quadrant, but neither the DHF treatment group (22.00 ± 2.80 s) nor the vehicle group (23.31 ± 2.32 s) showed a significant difference compared to the PBS group (Fig. 5i) .
Discussion
Moderate CCI-TBI not only causes direct damage on the brain but also induces secondary damage. Among types of secondary damage, massive cell death is just one aspect. Light microscopic studies of MAP2 staining revealed a prominent loss of MAP2 immunofluorescence in apical dendrites of pyramidal neurons in the injured cortex [43, 44] . The spine density in the forebrain regions [3, 45] and number of synapses in the hippocampus [4, 46] significantly reduced following TBI as well. Golgi staining further demonstrated that even in the cortex of a mildly injured brain, in which no remarkable cell death was found, there was extensive dendrite degeneration, which was not limited to the primary injury site but spread out to a very large area [3] . It suggests that even if many neurons are spared after TBI, many of them were suffering from injury. Therefore, protecting the spared neurons from injury or helping them recover gives us another opportunity to reduce the damage. BDNF, one of the important neurotrophic factors, was implicated as a means to help neurons survive and prevent neural degeneration after TBI [47, 48] . However, the clinical application of BDNF is limited because of the delivery problem, an immune response problem caused by huge molecular weight, a short half-life, and so on. We need an alternative, which can mimic BDNF without those limitations.
One of the promising alternatives is DHF, a BDNF receptor TrkB angonist which can activate BDNF signal pathway. A small molecular weight makes it possible for DHF to go through the BBB without causing an immune response. It is proven that DHF showed a protective effect on other models, such as an ischemia and reperfusion model [29] and an Alzheimer's model [30] . Previous research in our laboratory revealed that pretreatment of DHF could prevent neuron death in the cortex and hippocampus caused by moderate TBI (separated manuscript, revising). In this study, we used posttreatment of DHF to explore whether it was able to prevent the dendrite degeneration and, in turn, to improve behavior outcomes of TBI mice. Results showed that although posttreated TBI with DHF did not significantly reduce cortical cavity after TBI, it dramatically reduced dendrite damage. The number of beadings, a hallmark of degenerated dendrites, was significantly decreased. The dendrite complexity was well preserved, as branch number and total length of both apical and basal dendrites in the DHF treatment group were remarkably increased compared to control TBI groups.
High-resolution images and quantification data showed that post-injury treatment with DHF reduced tissue lesion volume dendrite spine degeneration in the cortex in the TBI group. When we further assessed the three types of spinesmushroom, stubby, and filopodia-this protective effect was seen mainly in mushroom and stubby spines, of which mushroom spines are usually seen in mature synapses and stubby spines are seen in transitional stages of spine formation. However, this spine protection was regionally limited. Data showed that only in an area 0.5-1.5 mm from the edge of cavity, the DHF treatment group showed a significant preventive effect compared to TBI control groups. But, in an area of 0-0.5 mm, which was adjacent to the edge of cavity in the epicenter, DHF did not show an advantage for saving spine loss. This may be due to the following reasons: After TBI, in the impact site and surrounding area, the blood vessel system was totally disrupted, so that the DHF may not be able to be delivered there. Further, the damage in the close area of the cavity happened quickly and was severe and irreversible. If DHF cannot be delivered in time, then its protection may be too mild to reverse the initiated damage.
DHF is also reported to prevent synaptical loss [30] and to promote axon regeneration [31] in other disease models. The neuroprotective effect of DHF also led to posttraumatic functional recovery in this study. We found that the DHF treatment group performed better in motor function than the TBI group using the rotarod test. However, the DHF group did not perform significantly better in learning and memory function than the TBI group using the water maze test. The TBI-induced functional deficits may be due to multiple reasons, including cell death, cell stress, axonal and dendritic degenerations, inflammation, and so forth. The post-treatment with DHF showed a protective effect to dendrite degeneration and cell death, which is reflected in better motor function following TBI. But, there is no significant improvement in learning and memory. These data suggest that we still need to optimize the parameters of DHF treatment, such as extending the duration, increasing the dose, or combining with other therapies.
BDNF, through interacting with its receptor TrkB, activates a downstream pathway, such as PI3K and MAPK pathway. Because DHF is a robust agonist of TrkB receptor, it perhaps mimics BDNF function in the same manner. Our previous study of DHF function on preventing neuronal death in TBI proved that DHF did go through the TrkB-mediated PI3K/Akt signal pathway to play the critical role in helping neurons survive after injury. However, the downstream pathway involved in dendritic protection by DHF is still unclear. Future work should be done to examine whether it also uses the TrkB-mediated signal pathway to perform its function on preventing dendrite degeneration. 
